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Introduction: 


Process  development  for  XD  composites  has  been  underway  for 
several  years.  Emphasis  has  been  placed  on  the  aluminum  matrix 
containing  titanium  carbide  particles  having  an  average  particle  size 
of  2.8  micrometers.  To  enhance  the  understanding  of  material 
characteristics  for  deformation  processing,  a  limited  test  program 
on  workability  was  carried  out. 

Two  alloy  grades  of  XD  composite  bar  stock  containing  15%  and 
25%  titanium  carbide  (TIC)  were  received  for  workability  testing. 
Test  parameters  were  chosen  to  simulate  the  extrusion  data 
supplied  by  Martin  Marietta  Laboratories.  The  following  program 
plan  defines  and  demonstrates  the  compressive  workability  study 
for  the  evaluation  of  the  XD  composite  material. 

Program  Plan: 

A  program  plan  was  carried  out  to  develop  the  necessary 
information  for  fracture  prediction  during  processing  of  XD 
composite  materials,  including: 

1.  Sample  preparation 

2.  Grid  line  measurement 

3.  Workability  studies 

4.  Metallographic  investigations  of  test  specimens 

In  Phases  1  &  2,  samples  were  prepared  from  the 
corresponding  bar  stock  into  usable  samples  for  data  collection. 

In  Phase  3,  compression  deformation  tests  were  conducted  on 
an  instrumented  MTS  machine  configured  for  isothermal  workability 
and  flow  stress  testing.  Axial  compression  tests  with  frictional 
constraint  were  used  to  generate  the  material  workability  strain 
limits. 

In  Phase  4,  metallographic  investigations  were  conducted 
using  a  Leco  image  enhanced  metallograph  and  a  Tracer  Northern 
Scanning  Electron  Microscope. 


Background: 


A  convenient  way  to  describe  and  measure  the  likelihood  of 
ductile  fracture  for  a  given  material  is  a  property  called 
workability.  Since  internal  ductile  fractures  cannot  be  detected 
except  by  sectioning  the  bars,  fracture  maps  of  a  given  process  are 
expensive  to  prepare.  Furthermore,  each  process  requires  its  own 
set  of  fracture  maps.  An  alternative  is  to  use  results  of  simple 
tests  that  apply  universally  to  a  variety  of  processes. 

One  such  test  is  the  upset  test  on  cylindrical  specimens  with 
frictional  constraint.  The  typical  strain  path  for  a  point  on  the  free 
surface  of  such  an  upset  specimen  Is  demonstrated  In  Figure  1. 
Barreling  occurs  with  rough  dies  and  small  aspect  ratios:  therefore, 
the  tensile  strain  component  (e1)  increases  more  rapidly  than  the 
axial  compressive  strain  (e2).  If  enough  strain  is  applied,  these 
samples  will  develop  cracks  at  the  equator  of  their  free  surfaces.  A 
scatter  plot  can  be  made  which  shows  the  axial  compressive  strain 
{e2)  versus  the  circumferential  strain  {e1)  for  both  fractured  and 
unfractured  samples.  This  plot  is  useful  for  determining  the  limits 
of  plastic  working  in  the  presence  of  a  biaxial  stress  state. 

Additional  points  can  be  obtained  by  varying  sample  heights  and 
friction  conditions  of  the  die  surfaces.  A  curve  representing  the 
onset  of  ductile  fracture  is  typically  a  straight  line  having  a  slope 
of  -0.5,  which  matches  the  slope  of  the  curve  for  homogeneous 
compression. 1 

An  example  of  such  a  curve  is  shown  in  Figure  2.  The  straight 
line  represents  the  upper  limit  of  workability  for  the  material  under 
the  tested  conditions.  This  line  is  called  the  fracture  strain  line  and 
is  applicable  to  any  process  exhibiting  a  biaxial  stress  state.  At 
strain  conditions  below  this  line,  fracture  is  unlikely,  while  strain 
conditions  above  this  line  will  result  in  a  high  probability  of  ductile 
fracture.  Such  curves,  then,  form  the  basis  for  comparing  material 
process  parameters  to  find  the  most  favorable  conditions  for  a  given 
process.  These  process  parameters  may  include  temperature,  strain 
rate,  and  grain  size.  Compressive  workability  testing  is  very  useful 
for  describing  the  ability  of  a  material  to  withstand  biaxial  stress 
states. 


^  Kuhn,  Howard  A.,  "Workability  Theory  and  Application  in  Bulk  Forming  Processes," 
Metals  Handbook,  ninth  edition.  Volume  14:  Forming  and  Forging,  ASM  International,  pp 
388-404. 


Experimental  Approach: 

Workability  tests  were  conducted  on  specimens  from  two 
alloys  of  XD  composite  material.  Materials  tested  included  15%  and 
25%  (by  volume)  TiC  in  an  aluminum  matrix.  In  all  cases,  the  test 
specimens  were  cylindrical  with  their  axes  aligned  with  the  axes  of 
the  original  bars  to  assure  similar  orientation  between  stress 
direction  and  microstructure  features  in  both  the  bar  stock  and  the 
test  specimens. 

The  15%  and  25%  TiC  aluminum  matrix  composite  materials 
were  machined  into  samples  having  a  diameter  of  0.5  Inches.  The 
stock  bars  were  also  machined  so  that  there  was  an  equal  number  of 
specimens  corresponding  to  a  height  of  0.5  inches  and  0.875  Inches 
from  both  XD  composite  grades.  Thermocouple  holes  were  drilled 
radially  at  mid-height.  Grid  lines  spaced  0.05  inches  apart  were 
machined  onto  the  circumferential  surface  of  the  samples.  The  grid 
line  spacing  was  measured  before  and  after  testing. 

Due  to  the  number  of  samples  available  for  testing,  three 
temperatures  (600,  700,  and*  800  F)  and  one  strain  rate  (1.0/sec) 
were  chosen  for  the  material  evaluation.  Both  alloys  were  tested 
using  specimens  of  both  heights.  Smooth  and  knurled  platens  were 
used  to  vary  friction  conditions  on  the  contact  surfaces.  The 
percentage  of  deformation  was  also  controlled  thereby  varying  the 
strain  placed  on  the  material  during  testing. 

Several  samples  were  investigated  using  the  metallograph  and 
SEM  to  characterize  the  TiC  distributions. 

Results  and  Discussion: 

1)  Upset  Tests 

Tables  1  through  5  list  the  test  parameters  and  results  for  the 
15%  and  25%  TiC  alloys,  and  Figures  3  through  8  present  the 
mechanical  test  results.  Fracture  data  at  the  three  different  test 
temperatures  for  the  two  different  composite  samples  are 
presented. 

These  tests  were  conducted  with  two  different  sets  of 
compression  dies.  One  set  had  a  smooth  tooling  surface  while  the 


other  was  knurled  to  increase  the  tensile  circumferential  strain  by 
preventing  the  movement  of  the  surface  of  the  test  specimen. 

The  results  included  show  a  fracture  band  where  incipient 
cracking  for  failure  would  occur  during  processing  at  these  levels  of 
total  strain.  A  specific  fracture  line  could  not  be  provided  owing  to 
the  limited  number  of  samples  which  were  available.  However, 
sufficient  test  results  were  obtained  to  map  out  a  fracture  band 
which  should  be  used  as  a  guideline  in  the  processing  of  the 
composites. 

Figures  3  through  8  show  the  workability  data  for  the  two  XD 
composites  with  15%  and  25%  TiC.  As  the  data  Indicate,  there  is  an 
improvement  in  the  workability  of  these  materials  from  600  to  800 
F.  The  bands  drawn  on  these  figures  indicate  an  area  where  fracture 
would  be  a  possibility  during  forming  of  the  composites.  To  Insure 
that  no  fractures  occur  during  processing,  these  materials  should  be 
processed  below  this  band. 

This  workability  criterion  Is  for  the  formation  of  surface 
cracks  only;  as  a  result,  internal  cracks  may  or  may  not  be  formed  at 
these  levels  of  deformation,  depending  on  stress  state  at  the 
interior  of  the  composite. 

Since  all  of  the  curves  for  XD  composite  material  have  slopes 
of  -0.5,  these  results  can  be  summarized  by  y-intercepts  (the  value 
of  circumferential  [hoop]  strain  at  zero  axial  strain)  at  the  lower 
band  of  the  incipient  cracking  zone.  Summary  comparisons  are 
presented  in  Table  5.  The  data  indicate  higher  temperature 
increases  the  workability  for  the  15%  and  25%  TiC  materials.  The 
table  also  shows  that  the  variation  between  the  two  materials  for 
the  development  of  ductile  fractures  is  quite  small. 

2)  Metallography 

Four  of  the  XD  composite  samples  with  15%  volume  fraction 
TiC  particles  were  sectioned,  mounted  and  etched  in  Keller's  reagent 
for  15  minutes. 

Figures  9  through  11  show  several  photomicrographs  of  tested 
samples.  The  most  notable  pattern  in  the  composite  is  the 
inhomogeneous  distribution  of  TiC  particles.  With  the  difference  of 
material  characteristics  between  the  aluminum  alloy  matrix  and  the 


TiC  particles,  this  variation  is  not  surprising.  Analysis  of  the 
tested  specimens  had  shown  areas  of  surface  failure  through  the 
"blow-out"  of  material.  These  areas  occur  at  locations  different 
from  tearing  caused  by  fracture  during  testing.  A  typical  "blow-out" 
region  is  shown  in  Figure  12. 

Metallographic  investigation  of  these  blow  outs  shows  that  the 
areas  along  the  outer  diameter  of  the  samples  is  lower  in 
concentration  of  TiC  particles  than  the  bulk  of  the  sample.  Some 
development  of  an  image  analysis  routine  to  determine  the  particle 
concentration  was  performed  and  these  results  confirm  the  visual 
observation. 

It  is  presumed  that  the  lower  number  of  particles  at  the  outer 
diameter  is  a  result  of  some  shear  and  flow  effect  as  a  result  of 
extrusion.  One  way  to  confirm  this  would  be  to  evaluate  the 
variation  in  particle  distribution  in  a  bar  of  unmachined  XD 
composite  material.  The  lower  number  of  particles  yields  a 
localized  area  of  lower  mechanical  strength  which  could  lead  to 
surface  failure  as  a  result  of  tensile  stresses. 

The  metallographic  analysis  also  shows  some  acicular 
particles,  some  areas  free  of  particles,  and,  apparently  two 
different  matrix  phases. 

3)  SEM  Analysis 

SEM  photomicrographs  of  various  fracture  surfaces  are 
enclosed.  Figures  13  and  14  clearly  show  surface  cracks  which 
appear  to  be  the  result  of  tearing  the  matrix  material.  Figures  15 
and  16  show  SEM  photomicrographs  of  the  "blow-out"  areas.  It 
appears  that  fracture  in  the  "blow-out"  areas  is  the  result  of  brittle 
fracture,  as  opposed  to  the  ductile  cracking  described  above  for 
matrix  material.  The  data  produced  to  date  show  no  conclusive 
results.  A  more  comprehensive  study  of  the  chemistry  variation  and 
fracture  areas  is  needed  to  determine  micromechanical  and 
microchemical  mechanisms  in  the  fracture  processes. 


Future  work: 


Future  work  should  focus  on  the  possibility  of  microphase 
separation  and  precipitation  of  copper-rich  and  copper-depleted 
structures.  This  issue  could  be  resolved  by  performing 
microchemical  mapping  over  a  wide  area  of  the  composite  material 
and  across  what  appears  to  be  two  different  phases. 

In  addition,  flow  stress  curves  and  actual  verification  of  the 
fracture  lines  by  testing  at  various  rates  of  strain  would  yield  more 
information  on  the  workability  of  these  materials. 

Also  of  interest  is  the  possibility  of  particulate  depletion  near 
the  exterior  surface  of  the  extruded  bar.  A  thorough  investigation  of 
the  particle  distribution  in  cast  ingots  as  well  as  in  extruded  bars 
would  allow  the  determination  of  the  natural  variation  in  particle 
distribution  and  whether  any  variation  was  a  result  of  forming 
operations. 

To  determine  the  particle  distribution  and  the  existence  of 
multiple  phases,  additional  etchants  need  to  be  evaluated. 


Figure  1 :  Localized  Strains  on  the  BulglnQ  Cylindrical  Surface  of  an  Upset  Test  (a)  and  Their  Variation  With  Aspect  Ratio  and 
Friction  Conditions  (b)  (  Source:  Kuhn,  Howard  A.,  "Workability  Theory  and  Application  In  Bulk  Forming  Processes,"  Metals 
HandbOOK.  nllmh  edition,  Volume  14:  Forming  and  Forging,  ASM  international,  pp  388*404.] 


Figure  3:  Workability  for  XD  Composite  w/15%  TiC  at  600  F 
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Figure  7:  Workability  for  XD  Composite  yj  175%  TiC  at  700  F 


Rgure  8:  Workability  for  XD  Composite  w/25%  TiC  at  8(X)  F 


Figure  10;  XD  composite  with  15%  TiC  (sample  #25).  Region  at  the  bottom  shows 
void/poor  homogeneity  and  acicular  panicle.  Kellers  Etchant.  500X. 
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Figure  1 1:  XD  composite  with  15%  TiC  (sample  #32)  Region  in  the  center  shows 
void/poor  homogeneity,  acicular  panicles  and  particle  clumping.  Kellers  Etchant  200X. 
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Figure  12:  XD  composite  with  15%  TiC  (samples  #29).  Arrow  shows  the  "blow-out" 
feature  present  after  testing.  4X. 
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Figure  13:  XD  composite  with  15%  TiC  (sample  #42).  SEM  photomicrograph  showing  a 
cracked  surface  at  165X. 
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Figure  14:  XD  composite  with  15%  TiC  (sample  #42).  SEM  photomicrograph  at  lOOOX. 
Clearly  shows  that  the  cracked  surface  was  the  result  of  tearing  the  matrix  material. 
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Figure  15;  XD  composite  with  15%  TiC  (sample  #63)  SEM  photomicrograph  showing  a 
"blow-out"  at  200X. 


Figure  16:  XD  composite  with  15%  TiC  (sample  #63)  SEM  photomicrograph  showing  a 
"blow-out"  at  lOOOX.  Shows  mechanism  of  fracture  different  from  cracked  surface. 
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Table  1 :  X-D  Composites  1 5%  TiC 
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Table  2:  X-D  Composites  1 5%  TiC 


_  _  —  ^  »-T3'OT3X3'0"0'D'0'0'0 

<1>  <D  (D  ©  ©  ©  ©_©_©J0_® 

O  O  O  O  O  O  O  O  O 

00000003300333a3a3©©2 


551 

®  E 


o|  ♦- 
W  c 


CO 

o  CO 

CO  CVl 

o  o 


<0  T- 

f»-  00 
<M  CM 

o  o 


olololo 


^  o 
o  o 
lo  in 
o  o 


f-  O) 
O  <T) 

in  -M- 
o  o 


olo  olo 


ininocMininiDiDtDiDr^io^^r:^?^ 

ojooocnr^oor«-coooo>o>coco®®r^® 

CMCMCOCMCMCMCMCMCMCMCMWWCMWW^ 

oooooococ^oooocoocpcoo 

<6  d  d  d  —  3  —  — 

ocnocnoT-oooT-oo^Or-OOT 

ocnocjiOOOOOOOOOOOOOT 

S^m'tmminininin^^^JQinin^ 

ddddddddddddddddd 


_rtooT-inioooincococococ2coM;r-inOTWin^« 

2irddd'«-d'i-dT-»-'»”odddoooT“OOo 


© 

»_  c 

2  il 
©  ^ 
E  _ 
.5  © 

Q  •;= 


r^COOOOOOOOOOOOOOOOOOOO 

SSSSSSSSSSSSSSSSininininin 

ddddddddddddddooooooo 


ooooooooooooooooooooo 

<^<~»<n<r5QOOOOOOOOOOOOOOOO 


S  ?  5  5  5 


S'  ||g|s|g|s|s|g|s  g  g  g  g  g  g  S  S  S  g|g|g|g|g 

^  u5U5U5inu5minin«u5tf)tnu’«>n“>|n“’'C!?£ 

“Sdbcicicicioobciooooooooooo 


I  ggssgsgassggggsggssss 


© 

Is 


r- 1  CM  I  CO  I 'll- 1  in  I  <o  I  r»  1 00 1 0)  I  o 
CM  I  CM  I  CM  I  CM  I  CM  I  CM  I  CM  I  CM  I  CM  I  CO 


§ 


CM  I  CO  I -M- 1  m  I  CD  I  1 00 1  <©  I  o 

col  col  col  col  col  col  CO|  col -M- 


ii 


o  o 

(t)  0] 

k.  k- 

O  O 

•4^  4-^ 

C  C  C 

®  9?  15 

Q.  Q.  O 
o  O  2 

s  s  o 


Imsis 

liil 


O  g  O  O  O 

■♦->  ■«—  03  03  -•-<  03  4-* 

cjJcccccc 
®  2  ®  15  12  ®  15  ® 

Q.  O  Q.  o  o  a  o 

o  o  o  5  2  o  Sjo 

S  Z  S  O  O  S  o|^ 


.=  /r  .=  j*:  jc 

_oaQ.Oaoo 
ol  2  o  o  o  ^  5  2 
S|o  S  S  Z  S  O  O 


X3'C3'0~0'0X3~D~0T3T3  r-  f~x-  r^j~  r-  t- 

.4^  4->  4_r  «i4  4_> 

iT'C'kr'iiur'C'jrirnii  5  9  9  9  9  9  9  2  9  2 

rsooooooooooooooooooo 

ccccccccccEEtcEEEEEE 

!»;i<:bt:isiic;ic:ic:i<i^i«:coc/)cococ/)c/3c/5c/)c/)c/5 


1— 

w  <0 

<u  i-  CO  CO 

c  -  o  o 
— I  ^  C>  CO 

^  —  o  o 
S  ®  o  o 
J5  -  m  lO 
cn  o  q 


cviooinr^oiocoT-muoooT-oocvjcoT-rs.io 

r^cotocor^cocDr^cor^cor^toh'.coi^hvr'. 

cocococncocococococococococococococo 

qqqqqqoqqqqqqqqooo 

<6<6c6ciQ(6dodo<6oodoSQ<6 


OOlCMlCO 


r^lio 


000000>0>003<330010>00000> 

00000c7j0>00)0>00i0>00000> 

oooooooooooooooooo 


olo|o|o|o|o|o|o|o|olololo|olololo|olo|o 


cocD'^c\iooco*^tr'.<oco^mmcoT-u)o>T-mio 

C\l<£>0>COOT-CVih-T-OCO^T-COC\J‘^CMTl-OCVl 

N-  q  q  q  q  q  q  q  q  q  q  q  q  Ol  «  O) 

ciciooooot-^cococicicicicDcicicDCoci 


OOO-r-OlOOOOOOOOOO-t-OOOO 

OOOOOIOOOOOOOOOOOOOOO 

qqqq'<tqqqqqqqqqqqqqqtn 

ddddddddddddddddciddd 


oooooooooooooooooooo 

oooooooooooooooooooo 

CDtD<Dh>.r^f^COOOCOtDtDtDtOt^-r^COOOCOC30r^ 


^■gooinooooooooooooooouio 

^if>'«t<io«5r^r'-co«><D»n<or^h-<Oh«.<D»n'ti-h. 


9-  ®  o 

c  N  in 

<r>  d 


ooooooooooooooooo 

ooooooooooooooooo 

qqqqioqqqqqqqioqinqm 

ddddddddddddddddd 


£  (D(O(O(O(O(OC0<O<O(O(O(0CO(O(O(O(O(O(0(O 

X^CMC\JC\JCMC\JC\|0JC\JCVJC\JCMCVJCMCV1C4C\1<NJCMCMCM 


® 


CM|co|'«t|uo|<olr^lco|cr>|o 


1 


cvlcol 'SfIu>|<DlN.|ooIoi|o|  T- 
u)|u)|io|in|io|iolin|iol(o|(o 


Table  4:  X-D  Composites  25%  TiC 
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Table  5:  Summary  of  15%  and  25%  TiC  Workability  Tests 


%  TiC 

Temperature  (deg.  F) 

Y-intercept 

15 

600 

.24 

15 

700 

.25 

15 

800 

.30 

25 

600 

.22 

25 

700 

.29 

25 

800 

.29 

